Abstract
The Laser-Ultrasonic technique uses laser energy to generate ultrasound waves in various solids. This technique allows inspecting large structures. The generated ultrasound wave form is affected by features of laser pulse (wavelength, pulse duration, power density). The goal of this paper is to study the effects of laser parameters (rise time and beam radius of laser) on the laser generated surface acoustic waves in an aluminum plate. The results obtained from the finite element model of laser generated ultrasound are presented in terms of temperature and displacement. At first, the transient temperature field can be precisely calculated by using the finite element method. Then, laser generated surface acoustic wave forms are calculated in aluminum plate. Results from numerical simulation are compared with other references; the accuracy of the method is proved accordingly. In this simulation the sequential field coupling is used. Simulation results show that the laser parameters have a significant influence on the ultrasound waves and will be able to be utilized to choose best experimental parameters of laser.
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INTRODUCTION
Recently laser-generated ultrasound has been excessively exploited for characterizing materials. The application of laser ultrasonic has received considerable attention in a wide variety of nondestructive evaluation (NDE) of structures (Davis et al., 1997) . The use of ultrasonic waves for nondestructive materials testing (NDT) is a well established technology. Once coupled with a convenient detection device, ultrasound can be used to inspect the interiors of solids for cracks or voids detection, to measure bulk material properties and detect disbonds in laminated materials, coated materials or in adhesively bonded assemblies (Bossi, 2005) .
Traditionally, ultrasonic generation and reception has been accomplished using piezoelectric transducer (PZT) which must be acoustically coupled and mechanically clamped to test specimen. Ultrasonic inspection using PZTs is not practical for rapid inspection on high speed assembly lines or in harsh environment (i.e. high temperature, corrosive, radioactive). To extend the range of applicability of ultrasonic inspection systems, lasers have been proposed as an ultrasound source (Monchalin, 2004) . A totally non-contact ultrasonic sensing system can be realized if laser generation is coupled with an interferometric or EMAT (Electromagnetic Acoustic Transducer) receiver. Non-contact ultrasound generation and reception can result in a high speed sensing system that can operate in harsh environments (Murray, 1997) .
Ultrasonic waves can be generated by two mechanisms depending upon the power density of the incident laser beam. These mechanisms are categorized as thermoelastic regime (less than 10 7 w.cm ) (Rezaizadeh, 1998) . Scrubby et al. (1980) studied early the problem of laser-generated ultrasound using a point source approximation. Rose (1984) treated the point source as a surface center of expansion (SCOE) and obtained a formal solution, neglecting the thermal diffusion. McDonald (1990) and Sanderson (1998) improved this model, taking into account both thermal diffusion and the finite spatial and temporal shape of the laser pulse, and obtained good results agreement with experiment for metals. Much work has been reported for laser-generated ultrasound in metallic specimen (Xu et al., 2006; Shen et al., 2004; Etang and Huand, 2006; Xu et al., 2006) . Numerical methods will be much more suitable in dealing with complicated processes, involving various parameters (maximum pressure, duration time, thermal scattering), especially for parametric studies, as far as physical phenomena are well reproduced. This work is base on a finite element model that has many advantages. First of all, it is versatile due to its flexibility in modeling non trivial geometry and its availability in obtaining full field numerical solutions. In addition, this method can also be applied to calculating the excitation process, where thermal diffusion, optical penetration and other physical parameters are dependent on temperature. In this article, based on thermoelastic theory, considering the temperature dependence of the thermal physical parameters of the material, the transient temperature field is precisely calculated with the FEM. Then, lasergenerated surface acoustic wave forms in aluminum plate are presented. In addition, this method can be applied for other materials. So, we selected aluminum material since it is an available and applicable in most industries. Since the temperature field induces the stress and displacement fields and the effect of the displacement fields on the temperature field is assumed negligibly small, the sequential field coupling is used. First, the thermal element is used to simulate the temperature field. Then, the displacement fields are simulated by replacing the thermal element with an equivalent structural element.
The goal of this paper is to study the effects of laser parameters, such as rise time and beam radius of laser on the laser generated surface acoustic waves in aluminum plate.
Finite Element Model

Theory of transient temperature field generation
The geometry of laser irradiation on a specimen is schematically shown in Figure 1 .
The spatial mode of the laser beam is assumed as Gaussian distribution so that a cylindrical coordinates system is adopted. The thermal conductive equation can be described as (Shen et al., 2004) 
where T(r,z,t) represents the temperature distribution at time t. ρ, K, and c, are the density, thermal conductivity and thermal capacity at constant pressure coefficient, respectively. The laser irradiation is considered to serve as a surface heat source and temperature of the back surface of the system is supposed to be thermally insulated, so that the boundary conditions at these two surfaces can be written as
and ∂T(r, z, t) ∂z Where I 0 is the incident laser energy density, A(T) is the optical absorptivity of the specimen surface, h is the thickness of the specimen and f(r) and g(t) are the spatial and temporal distributions of the laser pulse, respectively. These two functions can be written as
Where r 0 is the radius of the pulsed laser spot and t 0 is the rise time of the laser pulse.
Theory of laser ultrasound generation by the Thermoelastic mechanism
When the specimen surface is illuminated with a laser pulse with the energy less than the melting threshold of the specimen, a transient displacement field will be excited due to thermoelastic expansion. In a homogeneous and an isotropic body, the displacement satisfies
where λ and μ are the Lame constants, ρ is the density, and α t is the thermoelastic expansion coefficient of the isotropic plate material and U(r,z,t) is the time-dependent displacement. The boundary conditions at the two parallel surfaces z =0 and z=h are
Where n is the unit vector normal to the surface, I is the unit tensor, and σ is the stress tensor. In addition to the boundary condition, there is also an initial condition
NUMERICAL METHOD
The classical thermal conduction equation for finite elements with the heat capacity matrix [C], conductivity matrix [K], heat flux vector {p 1 }, and heat source vector {p 2 } can be expressed as
The heat flux vector and the heat source vector
Latin American Journal of Solids and Structures 11 (2014) 1761-1776 where {T} is the temperature vector, and T is the temperature rise rate vector. For wave propagation, ignoring damping, the governing equation is (13) is solved using the Newmark time integration method (Xu et al., 2006) as explicit scheme.
Temporal and spatial resolution of the finite element model is critical for the convergence of these numerical results. Choosing an adequate integration time step is very important for the accuracy of the solution. In general, the accuracy of the model can be increased with increasingly smaller integration time steps. With too long time steps, the high frequency components are not resolved accurately enough. On the other hand, too small time steps are a waste of computing time, therefore, a compromise must be found (Wang et al., 2009) .
where f max is the highest frequency of interest. But when the rise time of the laser pulse is in the order of nanosecond, a time step in Eq. (14) might not provide sufficient temporal resolution. The time step has to decrease to (15):
Thus, the time step can be determined by estimating the highest frequency of the laser-generated ultrasound waves. Also, the needed time step can alternatively be related to the time the fastest possible wave needs to propagate between successive nodes in the mesh. The elements in mechanical analysis are defined by four nodes with two degrees of freedom at each node in cylindrical coordinate system. In general, the rule of element size is that there are more than 10 nodes in a wavelength. To ensure the propagation of energy between two successive nodes in the mesh, the element length should be fine enough, so the propagating waves are spatially resolved. The recommendation can be expressed as
where l e is the element length and λ min is the shortest wavelength of interest (Wang et al., 2009 The finite element mesh arrangement is shown in Figure 2 . The finite element meshes are much finer near the heat-affected zone (5μm), in order to obtain the transient temperature field in a very accurate way and in the far field the element length is 100μm. Also, in order to avoid reflected waves in the specimen, at the right side of the specimen and bottom of it have been used infinite elements. 
NUMERICAL SIMULATIONS AND RESULTS
Laser and material parameters
Based on the above-described theories, the thermoelastically generated waves are calculated in circular aluminum plate with 4 cm radius and 1 cm thickness. The laser energy (Peak Energy) is 13.5 mJ and the rise time t 0 and the radius of the pulsed laser spot r 0 on the sample surface are taken to be 10ns, 15ns and 300μm, 500μm respectively. The minimum element size near the affected zone is 5μm, whereas the element size outside the heat-affected zone is 100μm. In addition, the time step was assumed to be 4ns in calculation. The influence of the rise time and the pulsed laser spot on the ultrasound waves has been investigated. The mechanical property of pure aluminum at room temperature (300K) used in the simulation is listed in Table 1 .
Poisson's ratio 0.34
Young Modulus (GPa) 70 
T T T T T
where ρ is measured in Kg.m -3
, and T m is the melting point. The temperature dependence of the optical absorptivity of the aluminum can be expressed as 
Results
As we discussed, at first the transient temperature field is simulated and then use the thermal element as a load in mechanical simulation. In Figure ( 3), It can be seen the temperature filed at a certain time of simulation. In Figure 4 (a), the wavefronts of the longitudinal waves (L), shear waves (S), Rayleigh waves (R) and head waves (H) can be seen clearly. As it can be seen, the longitudinal wave travels fastest and the head wave propagates between the longitudinal and shear waves which the Rayleigh wave travels on the surface at slowest speed. The displacement vectors of these waves (L, S, R and H waves) are shown in the Figure 4 The temperature distribution on the surface of the sample as the radius of laser beam and rise time of laser pulse is 300 μm and 10 ns, respectively is shown in Figure 5 . Figure 6 (a) and (b) shows the temperature distributions in the axial direction (Z-axial direction) and radial direction (R-axial direction), respectively, at different times. It can be seen that the temperature at the laser-heated zone arises rapidly during the laser irradiation and the area of thermal diffusion is very much localized. The thermal diffusion is less than 50 μm in the axial direction and about 600 μm in the radial direction. The temperature distribution at epicenter in the aluminum plate is shown in Figure 7 and Figure 8 shows the normal displacement wave forms detected at the surface of aluminum plate at detector distance of 2 mm on the irradiated face. As it can be seen, they are in good agreement with the theoretical results reported (Shen et al., 2004) . The temperature distribution at various depths in the aluminum plate is shown in Figure 9 . According to Figure 9 , the maximum temperature decreases as the depth increases. The surface temperature rises rapidly during the laser irradiation while the cooling process is relatively slow due to the thermal conductivity. With the increment of the depth, the velocity of the rising temperature decreases. To investigate the effect of different laser irradiation parameters, we have repeated the simulations with the different beam radius and different rise time. The temperature distribution at surface is shown in Figure 9 . As it can be seen in Figure 9 , at the epicenter, the maximum temperature decreases, as the rise time of laser is increased and also the maximum temperature decreases, as the beam radius of laser There are three main features in the surface waves. One is the surface skimming longitudinal wave denoted by L, which is an outward displacing unipolar wave. The other two are the surface shear wave front denoted by S and the main initially negative-going dipolar Rayleigh wave denoted by R. The surface normal displacement is shown in Figure 10 . The velocities of the L wave, S wave and the R wave obtained from Figure 10 are 5390m/s, 3190m/s and 2940m/s, respectively. According to the Figure 10 for the displacement waveform at 2mm away from the laser source, the first arrival time at 0.37 μs corresponds to the direct longitudinal wave (L) and the second arrival time at 0.63 μs corresponds to the direct shear wave (S). The L and S waves mark the intersection with the surface of that longitudinal wave and shear wave fronts, respectively, which originate from the center of the extended acoustic source. The three kinds of waves overlap in the near field in Figure 10 , and the L wave is separated from the Rayleigh wave gradually with the increased source-receiver distances while the S wave still couples with the Rayleigh wave in the source-receiver distances of interest. Such a phenomenon results from the fact that the propagation velocity of the Rayleigh wave is much smaller than that of the L wave and nearly equals that of the S wave. Due to the small propagation distance and finite pulse width of the two wave forms, such a velocity difference between the L and Rayleigh waves cannot split the two wave forms in the near field. In addition, it is also clearly seen from Figure 10 that the amplitude ratio of the L to Rayleigh waves decreases with the increase of the propagation distance. This is because the laser energy mainly deposits in a localized zone. The amplitude of the thermoelastic wave depends on r -1 in the case of spherical wave propagation, where r is the distance from the source to the receiver location, so that the body source with an axisymmetric and continuous distribution contributes more to the surface wave amplitude in the near field than that in the far field, where the source can be approximately viewed as a point source.
The magnitude and width of the laser-generated waveform are affected by the radius of the irradiated surface and the duration of the pulse. These effects are illustrated in Figures 12 and 13 . Several waveforms for the normal displacement at the epicenter have been calculated by varying the beam radius and the duration of the laser pulse independently and assuming a fixed value for the energy of the laser. Figure 12 shows the case of various radius, 300 and 500 μm for fixed pulse duration (t 0 =10 ns), as the radius is increased, the displacement waveform becomes broader and its magnitude decreases. This might be explained by the fact that in the case of r0=300 µm, the power density is more important than that of r 0 =500 µm. Thus, the initial pressure generated at the epicenter is more important than in the case of an irradiated surface of r 0 =500 µm. Figure 13 shows the case of increasing pulse duration for a fixed radius (r 0 =300 μm), as the pulse duration is increased, the displacement waveform becomes broader and its magnitude decreases. Also, a delay in the arrival of the displacement waveform can be noted as the energy deposition is spread in time. This effect may be explained by the shift in the position of the peak of the pulse as its pulse duration increases. Indeed, for larger or longer laser irradiation, the displacement waveform appears smaller and broader. Its arrival is also delayed for longer pulse durations. 
CONCLUSION
The effects of laser parameters on the laser generated ultrasonic waves in an aluminum plate by finite element method have been studied. The results obtained from the finite element model of laser generated ultrasound are presented in terms of temperature and displacement. Numerical results show that the laser irradiation parameters, i.e. surface and pulse duration have a significant influence on the ultrasound waves and will be able to choose best experimental parameters of laser.
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Time ( Since the observed area of thermal diffusion is highly localized, the results tend to show that the thermal effects do not have an important influence around the irradiation. Results shows the case of various line-source widths for fixed pulse duration as the line-source width is increased, the displacement waveform becomes broader and its magnitude decreases. In the case of increasing pulse duration for a fixed width as the pulse duration is increased, the displacement waveform becomes broader and its magnitude decreases also, a delay in the arrival of the displacement waveform can be noted as the energy deposition is spread in time. Indeed, for larger or longer laser irradiation, the displacement waveform appears smaller and broader. Its arrival is also delayed for longer pulse durations. However, this should be reconsidered by keeping the density of power constant. Proposed methods and results provide a quantitative basis for the thermoelastic mechanism for nondestructive evaluation.
